Recent findings show the emergence of two-dimensional electron gases (2DEGs) at LaAlO 3 /SrTiO 3 interfaces along different orientations, yet details on band reconstructions have remained unknown so far. Via x-ray linear dichroism spectroscopy we demonstrate that crystal symmetry imposes distinctive 2DEG orbital hierarchies on (001)-and (110)-oriented quantum wells, allowing selective occupancy of states of different symmetry. Such orientational tuning expands the possibilities for electronic engineering of 2DEGs and opens up enticing opportunities to understand the link between orbital symmetry and complex correlated states at LaAlO 3 /SrTiO 3 quantum wells.
The electronic structure of solids is deeply modified whenever the dimensionality of the system is reduced. One particular case occurs when the electron motion is confined within a plane in quantum well structures. For instance, in the realm of III-V or II-VI semiconductors, selecting a particular quantization direction for the quantum well growth is fundamental to achieve optimum efficiency for optoelectronic applications [1] [2] [3] . This is attained by a judicious selection of the crystal orientation that confines the electron motion, so that the effective masses or the internal polarization fields can be largely modulated to values that optimize the device performance.
Beyond these more conventional systems, the recent discovery of quantum well structures based on the d-band SrTiO 3 oxide semiconductor has broken new ground [4] [5] [6] [7] [8] [9] [10] [11] . The basic reasons are (i) the extremely confined character of the oxide quantum wells (on the order of a few nanometers) and (ii) a sheet carrier density above one order of magnitude higher than in conventional semiconductors. In addition, the much narrower bandwidth of d-derived electronic levels of transition metals -as compared to the wide s or p bands -promotes the emergence of complex electronically correlated states not present in the traditional semiconductors. Epitomizing this complexity, both magnetism and superconductivity have been reported to emerge at the LaAlO 3 /SrTiO 3 interface [12] [13] [14] [15] , which is the most intensively investigated system of this kind. The possibility of applying electrostatic gate voltages to these extremely narrow quantum wells [16] [17] [18] provides a unique opportunity to explore fundamental questions in the field of quantum fluids [19, 20] . One of these aspects is related to the possible multiband character of superconductivity at the SrTiO 3 -quantum wells and its connexion with the detailed orbital structure of the t 2g -states [21] [22] . The microscopic nature of the interface magnetism has also been linked to the orbital energy hierarchy of t 2g and e g levels [23] [24] and even spectroscopic investigations emphasize the specific role of d xystates regarding the emergence of magnetism [25] .
While the vast majority of these studies have been carried out on (001)-oriented oxide quantum wells, recent works have demonstrated that two-dimensional electron gases (2DEGs) can also be generated along other crystal orientations [26] [27] [28] , opening up novel perspectives in the physical understanding of low-dimensional complex phases. Yet, the mechanisms driving the emergence of 2DEGs confined along these unconventional orientations are far from being understood. Recently, a common origin has been proposed for 2DEGs at (001) and (110) interfaces, i.e., relaying on the polar discontinuity to trigger a charge transfer across the interface [27] . This raises the question whether the 2DEGs along these interfaces are really different. In other words, do they share a common orbital hierarchy or, on the contrary, the electronic band structure is reconstructed when the quantum well orientation is changed. Our work settles this question altogether because: (i) we show conclusively that the (110) interface is free from any faceting that could generate a (001)-2DEG; and, more important, (ii) our work unambiguously demonstrates that the electronic structure of the 2DEG along [110] is intrinsically different from the one along [001].
Our conclusion is based on x-ray linear dichroism (XLD) experiments at the Ti-L 2 and L 3 edges. From the analysis of the XLD spectra, a picture emerges in which the degeneracy within the t 2g and e g sub-bands is broken. Such kind of degeneracy lift-up has been observed previously in (001)-oriented LaAlO 3 /SrTiO 3 [29] or SrTiO 3 surfaces [30, 31] , and has been attributed to the combined effects of low-temperature tetragonal distortions, spin-orbit coupling and quantum well confinement [30] . Here, however, we show that orbital symmetry is a key ingredient to further engineer the 2DEG band structure of LaAlO 3 /SrTiO 3 quantum wells, expanding vigorously the possibilities to investigate the link between orbital symmetry and complex electronic phases at these interfaces [22, 25] . Briefly, for (001)-oriented 2DEGs we find that d xy and d x2-y2 orbitals are the lowest energy levels of t 2g and e g symmetry, respectively, confirming theoretical predictions as well as previous spectroscopic studies [29, 32] . Remarkably, however, we show that (110)-oriented 2DEGs exhibit a distinct electronic structure, where the bottommost levels have instead a d xz /d yz and d 3z2-r2 character.
The samples covered by this study were grown by pulsed laser deposition assisted with in-situ reflection high-energy electron diffraction (RHEED) on (001)-and (110)-oriented SrTiO 3 single crystals. LaAlO 3 films of different thicknesses t were deposited, with t = 0 and 8 monolayers (MLs) for (001) and t = 0, 2, and 9 MLs for (110), respectively -1 ML ≈ 3.79 Å for (001) and 1 ML ≈ 2.68 Å for (110)-. Note that the surface of bare SrTiO 3 crystals was included in the analysis, providing access to the initial surface electronic structure prior to deposition of the LaAlO 3 layers. The SrTiO 3 substrates oriented along [001] were not chemically treated before film deposition. In these conditions the surface has mostly TiO 2 -termination, with just a residual presence of minority SrO-termination [33, 34] . SrTiO 3 (110) substrates were thermally treated to obtain an atomically flat surface as observed by atomic force microscopy [26, 28] . We stress that post-growth in-situ annealing was part of the thin film preparation process to promote the removal of residual oxygen vacancies during the growth [35] . Additionally, low temperature magnetotransport backs up the two-dimensional character of these quantum wells [28] .
We carried out atomic-scale structural characterization to assess the quality of the interfaces. For that purpose, we performed high angle annular dark field (HAADF) imaging in a NION UltraSTEM200 (operated at 200 kV) and in a FEI Titan (60-300 kV) scanning transmission electron microscope (STEM), equipped with a Nion and a CEOS probe-aberration corrector, respectively. Figures 1a and 1b show the crosssectional HAADF-STEM images of (001)-and (110)-oriented LaAlO 3 /SrTiO 3 interfaces along the [100]-and [001] zone axes, respectively. From the HAADF imaging, the epitaxial LaAlO 3 layers are visible, being continuous over long lateral lengths (of the order of one micron). Under HAADF conditions the atomic-columns intensity scales approximately with the atomic number (Z) squared [36] . In this situation, the brightest spots in Figure 1 represent the heaviest atomic columns, La, followed by Sr, Ti and finally by Al, which gives the weakest contrast. In the particular case of the (110)-interface, the (110) ionic stacking across the interface can be readily appreciated, see Fig. 1b . HAADF-STEM images show that the (001)-and (110)-oriented interfaces are atomically flat. Any reconstructed surfaces with local {100} microfacets are ruled out for the (110)-interfaces. The two interfaces are quite different from the structural point of view and the electron orbital configuration should correspondingly exhibit distinctive features. In the following we discuss how we determined the orbital hierarchy for the two crystal orientations.
For that purpose, experiments were done at the BOREAS beamline of the ALBA synchrotron radiation source to carry out room-temperature X-ray absorption spectroscopy (XAS) at the Ti-L 2,3 edges in total electron yield (TEY) mode. The main peaks featured in the XAS spectra result from transitions from Ti-2p [37] . The sketch in the insert of Figure 2 graphically depicts the different possibilities of electric field projection onto the orbital lobes. The TEY intensities I a and I b were recorded for the two orthogonal E a and E b polarizations, and the XLD signal was defined as the difference XLD = (I a -I b ).
XLD spectra were recorded with x-ray beams at normal (Figures 2a-b) and at grazing incidence (Figures 2c-d) . Experiments at normal incidence were crucial to proof unambiguously that the interfaces had different crystal orientations. Conversely, XLD spectra measured at grazing incidence were indispensable to obtain the orbital hierarchy. The reason is that the shape of the XLD spectra is reversed when the symmetry axis of the orbitals with lower energy are projected either along the in-plane or out-of-plane directions, as schematically shown in Figures 2e-f. At grazing incidence (Figures 2c-d We first discuss experiments done at normal incidence. Due to the inherent four-fold in-plane symmetry for (001)-samples, light should be absorbed equally for both photon polarizations. This is confirmed by the negligible XLD of the (001)-LaAlO 3 /SrTiO 3 interface (t =8 MLs). In contrast, the anisotropic character of (110)-interfaces imprints a distinctive nonzero XLD, as observed in the spectrum of the (110)-interface (t = 9 MLs), see Figure 3b . In order to unveil the details of the reconstructed electronic structures, XAS spectra were measured also at grazing incidence (60 degrees away from the normal) that, in turn, allowed us quantifying the splitting between the t 2g and e g substates. Two-dimensional electron gases at LaAlO 3 /SrTiO 3 interfaces: orbital symmetry and hierarchy engineered by crystal orientation surfaces mimics the behaviour observed for (001)-and (110)-oriented manganites [38] , in which the symmetry rupture at free surfaces is responsible for the orbital reconstruction.
We discuss now the XLD spectra (Figures 4c and 4d) [39] . We thus observed that the degeneracy within the t 2g and e g sub-bands is broken in opposite directions for bare and capped surfaces. Similarly to (001)-oriented interfaces [29] , such orbital hierarchy inversion with respect to bare surfaces is already observed at (110)-oriented sub-critical LaAlO 3 thickness (t = 2 MLs, see XLD spectra in Figure 4d ), i.e. at interfaces that do not show any macroscopic conductance.
For a quantitative description of the reconstructed bands we performed atomic model calculations using the CTM4XAS software [40] using typical crystal field and charge transfer parameters for Ti 4+ in octahedral coordination to fit the experimental XLD curves [41] . The simulated spectra are included in Figures 4c-d (red lines) . Figure 4e summarizes all the information extracted from CTM4XAS simulations. We restrict the discussion to supra-critical interfaces hosting the high-mobility 2DEG. Our first conclusion is that in (001)-oriented interfaces d xy orbitals are lower than d xz /d yz levels by ~ 15 meV, whereas d x2-y2 states are shifted down with respect to d 3z2-r2 by about 20 meV. Secondly, we conclude that the orbital energy hierarchy of (110)-oriented 2DEGs is reconstructed in an inverted way, i.e., d xz /d yz and d 3z2-r2 states are lower than d xy and d x2-y2 by 30 meV and 50 meV, respectively. We note that variations in the sheet carrier density may cause a non-rigid evolution of the band structure in LaAlO 3 /SrTiO 3 interfaces [42] that could have eventually an influence on the energy splittings within the e g and t 2g subbands. Bearing this in mind, and for the sake of completeness, we specify explicitly the values of the sheet carrier density of our samples, i.e., n sheet ≈ 2.5 × 10 13 cm -2 and n sheet ≈ 8 × 10 13 cm -2 for (001) and (110), respectively. Although an eventual role of the sheet carrier density would explain why the splittings for the (001) LaAlO 3 /SrTiO 3 interface extracted from our analysis are smaller than those reported by M. Salluzzo et al [29] , we emphasize that the inferred electronic state hierarchy is the same in both cases. We can thus conclude that the 2DEG along the (110) orientation has an unambiguously genuine band structure, completely different from that of the (001) 2DEG, being the hierarchy of states with different symmetry totally reversed.
In summary, our results establish crystal symmetry as an extra degree of freedom to realize different 2DEG band reconstructions at the LaAlO 3 /SrTiO 3 interface, thus allowing a selective occupancy of states of different symmetry. These results open up new opportunities for 2DEG band engineering and are crucial to extend our current understanding of the link between orbital symmetry and complex correlated states, such as magnetism or superconductivity. One could, for instance, anticipate a different spatial extent of 2DEGs due to different bandwidths of electron states upon reversal of the orbital hierarchy. Indeed, our preliminary results demonstrate that 2DEGs confined Two-dimensional electron gases at LaAlO 3 /SrTiO 3 interfaces: orbital symmetry and hierarchy engineered by crystal orientation 6 along (110) have a significant broader extension than along (001), implying a larger anisotropy of the two-dimensional superconductive state for the latter [28] . Beyond that, we further envision electrostatic gating as a privileged pathway to probe the properties of these quantum wells. Recently, a connection has been established between d xy orbitals and magnetism [25] . This issue can be further investigated in a controlled experiment, during which electrostatic fields can be adjusted to fill selectively -at low doping levels -the d xy or d xz /d yz states in (001)-or (110)-interfaces, respectively, while the magnetism is probed. By the same token, selective orbital occupancy combined with electrostatic gating would extend our present knowledge on intra-and interband pairing mechanisms of 2D superconductivity [21] as well as on the observed universal Lifshitz transition, by which a switch from one-to two-carrier transport takes place at a universal charge carrier density [22] . These, and other fascinating experiments, are possible by the crystal symmetry reconstruction of 2DEGs at the LaAlO 3 /SrTiO 3 interfaces. 
